The scattering dynamics leading to the formation of Cl ͑ 2 P 3/2 ͒ and Cl * ͑ 2 P 1/2 ͒ products of the CH 3 + HCl reaction ͑at a mean collision energy ͗E coll ͘ = 22.3 kcal mol −1 ͒ and the Cl ͑ 2 P 3/2 ͒ products of the CD 3 + HCl reaction ͑at ͗E coll ͘ = 19.4 kcal mol −1 ͒ have been investigated by using photodissociation of CH 3 I and CD 3 I as sources of translationally hot methyl radicals and velocity map imaging of the Cl atom products. Image analysis with a Legendre moment fitting procedure demonstrates that, in all three reactions, the Cl/ Cl * products are mostly forward scattered with respect to the HCl in the center-of-mass ͑c.m.͒ frame but with a backward scattered component. The distributions of the fraction of the available energy released as translation peak at f t = 0.31-0.33 for all the reactions, with average values that lie in the range ͗f t ͘ = 0.42-0.47. The detailed analysis indicates the importance of collision energy in facilitating the nonadiabatic transitions that lead to Cl * production. The similarities between the c.m.-frame scattering and kinetic energy release distributions for Cl and Cl * channels suggest that the nonadiabatic transitions to a low-lying excited potential energy surface ͑PES͒ correlating to Cl * products occur after passage through the transition state region on the ground-state PES. Branching fractions for Cl * are determined to be 0.14Ϯ 0.02 for the CH 3 + HCl reaction and 0.20Ϯ 0.03 for the CD 3 + HCl reaction. The difference cannot be accounted for by changes in collision energy, mass effects, or vibrational excitation of the photolytically generated methyl radical reagents and instead suggests that the low-frequency bending modes of the CD 3 H or CH 4 coproduct are important mediators of the nonadiabatic couplings occurring in this reaction system.
I. INTRODUCTION
The study of electronically nonadiabatic interactions in bimolecular reactions has made considerable advances over the past decade. Detailed comparisons of the outcomes of scattering experiments with multisurface quantum mechanical dynamical calculations have quantified the importance of such interactions in certain benchmark reactions of atoms with diatomic molecules and shown the important role played by couplings between states split by spin-orbit ͑SO͒ interactions. 1 While theory and experiment have reached a level of good agreement in the case of the F + H 2 ͑D 2 ͒ reaction, 2,3 significant discrepancies persist in the case of Cl+ H 2 , 4,5 but the theoretical treatment of nonadiabatic couplings in this reaction system is becoming ever more convincing. 6 Experiments continue to uncover new nonadiabatic scattering signatures: for example, the dynamics of adiabatic and nonadiabatic pathways for the reaction of O͑ 1 D͒ with HCl were recently explored by detection and velocity imaging of both ground-and SO excited Cl atom products. 7 In the case of reactions of polyatomic molecules, the available dynamical information is sparse, but nonadiabatic transitions to low-lying excited electronic states separated from the ground adiabatic state by SO interactions have been reported for a few reactions of triatomic and larger molecules. [8] [9] [10] [11] [12] [13] [14] We recently reported nonadiabatic production of SO excited Cl͑ 2 P 1/2 ͒ atoms ͑henceforth denoted as Cl * ͒ in the reaction CH 3 + HCl → CH 4 + Cl͑ 2 P J ͒ ͑ 1͒
at a mean collision energy of 22.3 kcal mol −1 . 13 The electronically adiabatic correlation of CH 3 ͑X 2 A 2 Љ͒ +HCl ͑X
is to CH 4 ͑X 1 A 1 ͒ +Cl͑ 2 P 3/2 ͒ ͑with these J = 3 2 ground SO state atoms simply denoted hereafter as Cl͒, as is illustrated in Fig. 1 , and this reaction pathway is mildly exothermic ͑⌬ r H 298 K = −1.82 kcal mol −1 ͒. The reverse reaction of Cl atoms with CH 4 ͑and isotopologs resulting from partial or complete deuteration͒ is well established as a benchmark polyatomic reactive system for studying scattering and vibrational mode and bond specific dynamics. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Reaction of Cl * with CH 4 adiabatically correlates with an electronically excited state of the CH 3 radical, and nonadiabatic formation of the energetically accessible CH 3 ͑X 2 A 2 Љ͒ + HCl products is not observed for collisions with energies just above the energetic barrier 25, 26 but does occur at much higher collision energies. 27 In studies of the kinetics of collisional processes between Cl * atoms and small hydrocarbons, Matsumi et al. 28 demonstrated that the rate of SO quenching of Cl * to grounda͒ Present address: Solar-Terrestrial Environment Laboratory, Nagoya University, Nagoya 464-8601, Japan.
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state Cl atoms is much faster than the reaction of the SO excited atoms. 28 In our prior experimental investigations, reaction ͑1͒ was initiated by ultraviolet ͑UV͒ photolysis of CH 3 I, which produced CH 3 reactants with two different ranges of kinetic energies, because of the coincident formation of I * ͑ 2 P 1/2 ͒ or I͑ 2 P 3/2 ͒ atoms. 29 Preliminary analysis of velocity map ion images 30 of reaction products revealed a similar scattering behavior for both Cl and Cl * channels, with the assumption, which is supported by available experimental evidence, that the faster component of the bimodal speed distribution of the CH 3 radicals was primarily responsible for nonadiabatic formation of Cl * . The analysis and deductions relied on the validity of the photoloc method 31 for inversion of laboratoryframe scattering observables from photoinitiated bimolecular reactions to obtain center-of-mass ͑c.m.͒-frame scattering information. In the current study, we present the outcomes of a more sophisticated Legendre moment analysis of our sliced velocity map images to further test our prior interpretation. In addition, we report new results on the scattering dynamics and Cl * branching ratios for the reaction
which are suggestive of a vibrationally induced coupling mechanism that promotes nonadiabatic reactivity.
II. EXPERIMENTAL
Experiments were carried out by using a velocity map imaging spectrometer, which was configured for dc slice imaging, 32 that has been described in detail elsewhere. 14, 33 Reactions were initiated by photodissociation of CH 3 I ͑Ald-rich, 99.5%͒ or CD 3 I ͑CK Gas, 98%, 99.5% of D atoms͒, which was diluted to 10% in He or Ar and coexpanded through a late mixing nozzle with a 15% mixture of HCl ͑Aldrich, 99+ %͒ in He or Ar. The flows of the dilute CH 3 I ͑or CD 3 I͒ and HCl gas mixtures were regulated by two separate pulsed nozzles ͑General Valve series 9͒ mounted at 90°t o one another on a triangular polytetrafluoroethylene ͑PTFE͒ block that contained a Y-shaped channel with internal diameter of 0.8 mm to merge the two gas pulses into a single flow just prior to expansion into high vacuum. The PTFE block was mounted on the rear of the first electrode in the ion-optical assembly ͑the repeller plate͒ of the velocity map imaging spectrometer, and the expansion occurred through a 40°conical aperture ͑with base diameter of 0.8 mm͒ in this stainless steel plate. The fourth harmonic output of a Nd:YAG laser ͑Con-tinuum Surelite II͒ was synchronized with the gas expansion; 2 mJ per pulse of the 266 nm radiation, which was focused by an f = 25 cm lens, photolyzed CH 3 I ͑or CD 3 I͒ to liberate methyl radicals. Both CH 3 I and CD 3 I photodissociations have been the subjects of extensive investigation; the quantum yields for SO excited I * ͑ 2 P 1/2 ͒ atoms at 266 nm are, respectively, 0.68 ͑Ref. 29͒ and 0.80, 34 with the balance of the iodine atoms formed in their ground I͑ 2 P 3/2 ͒ electronic state, giving bimodal speed distributions of the methyl photofragments. The vibrational excitation of the CD 3 radicals is slightly higher than for CH 3 : on average, it is 460 cm −1 for CD 3 radicals produced in conjunction with I * , while the excitation of the radicals produced with I is 1575 cm −1 . The analogous outcomes for CH 3 I photodissociation are 250 and 1530 cm −1 . The excitation is mainly confined to the 2 umbrella bending mode of the radicals in both isotopologs. The two components of the collision energy distribution ͑result-ing from the bimodal speed distribution of the methyl radicals͒ for collisions of CD 3 For the discussions that will follow, we emphasize that, in the CD 3 +HCl reaction, the ratio of "fast" to "slow" radicals, which are associated with I and I * atoms respectively, is significantly reduced from the CH 3 + HCl reaction.
The Cl and Cl * products of the reaction were probed by ͑2+1͒ resonance enhanced multiphoton ionization ͑REMPI͒ via the 4p 2 D 3/2 −3p 2 P 3/2 and 4p 2 P 1/2 −3p 2 P 1/2 two-photon transitions at the respective wavelengths of 235.366 and 235.205 nm. The probe laser light was generated by frequency doubling in a ␤-barium borate ͑BBO͒ crystal the output of a dye laser ͑Lumonics HD500͒ pumped by the third harmonic of a Nd:YAG laser ͑Spectra Physics GCR 230͒. The probe laser pulse was delayed by 30 ns from the laser pulse used to initiate reaction, and ϳ1 mJ of energy per pulse was focused into the reaction volume by using an f = 25 cm focal length lens. The resultant Cl + ions were accelerated by a series of electrostatic plates ͑a repeller, an extractor, and a lens͒ configured for dc slice velocity map imaging, as described in detail in Ref. 14. The ions of interest were separated from contaminant ions with different masses, resulting from nonresonant laser ionization, within a time-offlight region maintained at constant potential, and their positions of impact on a microchannel plate detector ͑Burle Electro-Optics͒ were recorded by using a combination of a P47 phosphor screen and a charge coupled device camera ͑LaVision, Imager Compact QE͒ fitted with an f / D = 0.95 lens. Camera signals were accumulated by using commercial software ͑DAVIS 7.0, LaVision͒ as the probe laser wavelength was repeatedly scanned back and forth across the Doppler broadened profile of the Cl or Cl * REMPI transition. 
III. RESULTS
In this section, results are presented from a Legendre moment analysis of velocity map images of Cl and Cl * products of reactions of CH 3 and CD 3 with HCl. The CH 3 + HCl reaction images were previously analyzed by using a photoloc method. 14 The Legendre moment fitting procedure of Bass et al. 35, 36 when compared to the photoloc analysis incorporates an improved allowance for the effects of internal energy of the CH 4 ͑or CD 3 H͒ coproduct in the interpretation of laboratory-frame speeds and spatial anisotropies of the Cl/ Cl * atoms. We also report branching ratios for Cl * products of reaction ͑2͒, measured by ͑2+1͒ REMPI spectroscopy, which are found to be significantly different from the equivalent branching ratio for reaction ͑1͒. The application of the Legendre moment fitting procedure to the analysis of the velocity map images is first summarized, and the outcomes are then examined.
A. Legendre moment analysis of velocity map images
The first step in the analysis of the experimental velocity images of Cl or Cl * products of reactions ͑1͒ and ͑2͒ is to extract low-order, speed-dependent Legendre moments ͓M L expt ͑ Cl ͔͒ by weighted integration of image intensities over the polar angle in the plane of the image ͑͒:
The three lowest even moments ͑L =0,2,4͒ for the Cl products of reaction ͑1͒ are displayed in Fig. 2 . The fourth-order moment is indicative of the degree of electronic angular momentum alignment of Cl ͑ 2 P 3/2 ͒ and is indistinguishable from zero within the signal-to-noise ratio of the data, indicating a negligible polarization of the Cl reaction products. The Legendre moments were simultaneously fitted to a set of basis functions that were constructed as follows. A separable expansion in Legendre polynomials was made of the distributions in cos , the c.m.-frame scattering angle, and f t Ј =2f t − 1, where f t is the fraction of the available energy becoming the total kinetic energy release ͑TKER͒ of the products. [33] [34] [35] [36] The distribution functions of these c.m.-frame parameters are denoted as P͑cos ͒ and P͑f t Ј͒ ͓although results will be presented as the related P͑f t ͔͒, with defined as the angle between the relative velocities of CH 4 and CH 3 or, equivalently, HCl and Cl/ Cl * . The expanded functions have moments that are determined in the fitting procedure and that describe the forms of P͑cos ͒ and P͑f t ͒. These expansions were converted to the laboratory frame by coordinate transformation and Monte Carlo integration over the expected experimental distribution of reagent velocities. All calculations were performed by using programs written by Vallance et al. 37 with minor modifications to account for the dc slice imaging used in the experiments and with inclusion of the speed-dependent degree of slicing of Newton spheres of reaction products in our experiments. A genetic algorithm method for 2 minimization was used in the fits to the laboratory-frame speed-dependent Legendre moments. The outcomes were best-fit c.m.-frame distributions for P͑cos ͒ and P͑f t ͒ and plots of the associated laboratory-frame Legendre moments for direct comparison with the experimental M L expt ͑ Cl ͒. The modified fitting program was previously tested 33 by comparing the analysis of velocity map imaging data for the reaction of Cl with ethane with the outcomes of crossed molecular beam scattering experiments conducted by Huang et al. 38 The results of these fits to the L = 0 moments of velocity map images for Cl atoms from reaction ͑1͒ showed almost no difference with the numbers of Legendre polynomials ͑in the range 3-5͒ used in the expansion of the c.m.-frame distributions, while for the second Legendre moment ͑L =2͒ of the experimental image, best fits were obtained with four Legendre polynomial functions in cos and f t Ј, which are denoted as ͑4,4͒ ͓the notation ͑n , m͒ indicates n and m Legendre polynomials in the respective expansions of P͑cos ͒ and P͑f t Ј͔͒. The results of these fits are superimposed on the experimental data in Fig. 2 , and the derived c.m.-frame angular and fractional TKER distributions are also plotted. In this and the subsequent figures, error bars for the c.m.-frame distributions were estimated from the precision of fits to replicate measurements of the experimental data ͑a minor contributor to the uncertainties͒ and from variations in the results of the fits with different numbers of Legendre polynomial functions and encompass the observed range about the plotted distribution. The differential cross section ͑DCS͒ is mainly forward scattered in the c.m. frame, which is in agreement with our previous photoloc analysis, but shows a backward contribution, which was less pronounced FIG. 2. ͑Color online͒ Top panel: Speed-dependent L = 0, 2 and 4 Legendre moments of Cl ͑ 2 P 3/2 ͒ products ͑black points͒ from the CH 3 + HCl reaction obtained from the velocity map image shown in the inset, and fits ͑solid lines͒ to the two lowest moments by using basis functions calculated with four polynomials in the expansion of both the c.m.-frame angular scattering and fractional TKER distributions. Bottom panel: DCS ͑left͒ and fractional TKER distribution ͑right͒ for the electronically adiabatic channel of reaction ͑1͒, which were derived from the best fits shown above. Error bars were estimated from the precision of fits to replicate measurements and variations in the fit outcomes with choice of basis functions, and encompass the range of values obtained.
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in the earlier analysis. 14 Reaction between CH 3 and HCl, occurring at an average collision energy of 22.3 kcal mol −1 , is expected to result in collisions over a wide range of impact parameters and to favor forward scattering, as observed. The fractional TKER distribution peaks at f t = 0.33 with an average value of ͗f t ͘ = 0.44. Conservation of energy dictates that ͗f int ͑CH 4 ͒͘ = 0.56, which is somewhat larger than the previous value derived by using the photoloc analysis ͑ϳ0.40͒. The Legendre moment analysis method should, however, provide a more reliable result. Thus, the total energy available to the reaction products is nearly equally split between product translation and methane internal excitation. This suggests a balance between dynamical and kinematic constraints on product formation, as was discussed previously.
14 Figure 3 shows an image for the Cl products of reaction ͑2͒ of CD 3 radicals with HCl, together with the experimental Legendre moments of the image and the results of fits following the procedures described above. Basis functions were modified to allow for the different masses and kinetic energies of the reagents, and the effects of zero-point energy changes on the reaction exothermicity. The fits to the L =0 Legendre moment of the Cl image are satisfactory for all tested combinations of Legendre polynomial expansions of the c.m.-frame distributions, while to fit the L = 2 moment, the ͑4,4͒ and ͑3,5͒ combinations of polynomials were superior to the fit resulting from the ͑3,3͒ combination. The resultant DCS and fractional TKER distributions for the ͑4,4͒ fit are shown in Fig. 3 . The derived DCS was independent of the number ͑in the range 3-5͒ of Legendre polynomials used in the c.m.-frame expansions of P͑cos ͒ and P͑f t ͒ and is nearly identical to that obtained for the CH 3 + HCl reaction.
The shape of the kinetic energy release distribution is, however, dependent on the number of polynomials used to express this distribution, but for the ͑4,4͒ and ͑3,5͒ fits, it is very similar to that for CH 3 + HCl: the distribution peaks at f t = 0.32 and the average value is consistently derived to be ͗f t ͘ = 0.47. There is thus a near-equal partitioning of energy between product translation and CD 3 H internal excitation.
The analysis of the velocity map images for Cl * products of reaction ͑1͒ followed a similar procedure to those for Cl products. Figure 4 shows a sample Cl * image together with the two lowest order even Legendre moments ͑L =0,2͒ and the fits to these experimental moments. The fourth-order moment was not calculated as, by definition, no alignment of Cl * ͑with J = 1 2 ͒ is possible. The discrepancies in the fit to the L = 0 moment at low Cl * speeds are a consequence of subtraction of a background signal caused by HCl photodissociation. Guided by the past experience from our photoloc analysis of such Cl * images, 14 we calculated the basis functions used to fit the image moments for two different cases. In case ͑a͒, equal nonadiabatic reactivity was assumed for all CH 3 radicals; for case ͑b͒, however, only the subset of the faster CH 3 radicals produced in association with ground-state I atoms from CH 3 I photodissociation was considered. Thus, in case ͑a͒, we approximated the CH 3 2 P 1/2 ͒ products ͑black points͒ of the CH 3 + HCl reaction obtained from the image shown in the inset ͑after subtracting the central background contribution arising from HCl photolysis͒, and fits to these moments by using basis functions calculated with the same number of Legendre polynomials as for Figs. 2 and 3. Two separate fits are illustrated: case ͑a͒ ͑dashed line͒ considers an average CH 3 speed distribution and case ͑b͒ ͑solid line͒ uses only a subset of faster CH 3 radicals ͑see text for further details͒. Note that the two moments and their fits have been vertically offset for clarity. Bottom panel: DCS ͑left͒ and fractional TKER distribution ͑right͒ for the electronically nonadiabatic channel for reaction ͑1͒, which was derived from the best fits shown above for both cases ͑a͒ ͑dashed lines͒ and ͑b͒ ͑solid lines͒. Error bars were determined as for Fig. 2. the speed resolution of our imaging spectrometer. The CH 3 speed distribution for case ͑b͒ was approximated as a Gaussian function centered at 4900 m s −1 , with a FWHM of 300 m s −1 . The broadening of the resulting collision energy distributions, which was caused by the nascent CH 3 vibrational distribution and the thermal motion of the reagents in the expansion, was accounted for by inclusion in the analysis program of appropriate values of the translational temperature. The results of the fits using a ͑4,4͒ combination of Legendre polynomials in the c.m.-frame expansions of P͑cos ͒ and P͑f t ͒ are displayed in Fig. 4 and show that both energetic situations lead to good fits of the zeroth order moment for v Cl* Ͻ 2750 m s −1 , but case ͑b͒ does better for speeds faster than this. For the second order moment, case ͑b͒ gives a more satisfactory fit than case ͑a͒ over the whole speed range. The assumption that only the fast CH 3 radicals participate in the nonadiabatic formation of Cl * is, however, not as clear-cut as the basic photoloc analysis previously suggested. 14 In terms of c.m.-frame distributions, case ͑a͒ and ͑b͒ analyses qualitatively give the same angular distributions, with a preference toward forward scattering. The oscillations in these DCSs at the extremes of the range of cos might be nonphysical, deriving instead from the inclusion of a fourth-order polynomial in the expansion of the c.m.-frame angular distribution and, as a consequence, overdetermination of the angular resolution. The difference in fractional TKER distributions is, however, marked, with case ͑a͒ resulting in a greater fractional TKER than that in case ͑b͒: the respective average f t values are 0.56 and 0.42. If we consider the total energy available in each case, however, similar average TKER values of 4525 and 4800 cm −1 are obtained. The peak of the P͑f t ͒ distribution from the case ͑b͒ fit is at f t = 0.31, which is in close agreement with the value obtained for the reaction to form ground-state Cl atoms, and the shapes of the two distributions are also very similar.
B. Branching fractions for Cl* products
Representative ͑2+1͒ REMPI spectra of the Cl and Cl * products of reactions ͑1͒ and ͑2͒ are shown in Fig. 5 . The spectra were recorded via the 4p 2 D 3/2 −3p 2 P 3/2 and 4p 2 P 1/2 −3p 2 P 1/2 two-photon transitions, and the figure also shows Gaussian profiles that were fitted to the experimental spectra to obtain the integrated areas. These areas were converted to relative numbers of Cl and Cl * products by using calibration factors previously derived from a comparison of REMPI and H Rydberg atom time-of-flight studies of the branching between Cl and Cl * following UV photodissociation of HCl. 39 Branching fractions ͑⌫͒ for reactions ͑1͒ and ͑2͒ were calculated by using the expression
where ͑Cl * ͒ and ͑Cl͒ denote the relative reaction cross sections for the formation of Cl * and Cl atoms. For the CD 3 + HCl reaction, we obtained a Cl * branching fraction of ⌫ = 0.20Ϯ 0.03 ͑1͒ to compare with a remeasured value of 0.14Ϯ 0.02 for the CH 3 + HCl reaction, which is in excellent accord with the value of 0.15Ϯ 0.02 previously reported. 13 The dominant source of uncertainty in these branching fractions is the 15% error bar from the REMPI calibration factor. 39 Despite the lower collision energies of the CD 3 + HCl reaction, the nonadiabatic production of Cl * is higher than that for CH 3 + HCl. We previously discounted possible interferences in Cl and Cl * signals from sources other than the bimolecular reaction of interest 13, 14 and are thus confident that the difference in branching fractions is a direct consequence of the deuteration of the methyl radicals reacting with HCl.
IV. DISCUSSION
The principal outcomes of the preceding section are the following observations. Firstly, the c.m.-frame distributions of scattering angles and kinetic energy release for Cl and Cl * products of reaction ͑1͒ and Cl products of reaction ͑2͒ are essentially the same ͓if the analysis of Cl * data includes the assumption that the faster subset of CH 3 radicals dominates the nonadiabatic reactivity-denoted as case ͑b͒ earlier͔. Secondly, the nonadiabatic branching to form Cl * products is greater for the reaction of CD 3 radicals with HCl than it is for CH 3 radicals despite a lower average collision energy in the former reaction under the conditions of our experiments. We discuss these two outcomes in turn, focusing first on what is revealed about the scattering dynamics and then addressing the mechanism of the nonadiabatic pathway.
A. Scattering dynamics
The observed P͑cos ͒ distributions for reactions ͑1͒ and ͑2͒ are consistent with a preponderance of stripping-type dynamics, which is attributed to large impact parameter collisions favored at the high collision energies of our experi- FIG. 5 . Comparison between typical ͑2+1͒ REMPI spectra of the Cl ͑left͒ and Cl* ͑right͒ products of the CH 3 + HCl ͑top͒ and CD 3 +HCl ͑bottom͒ reactions, which are shown as black dots, with fits to Gaussian functions ͑solid lines͒ used to derive branching ratios. The horizontal axis displays the detuning of the respective two-photon resonant transitions and the normalized vertical axis scale is the same for both reactions. See the text for the two-photon transition wavelengths. The insets show schematic cuts along the reaction coordinates of the adiabatic PESs correlating to Cl and Cl* products, with zero-point vibrational energies in the methane coproduct ͑solid lines͒. The dashed lines represent the same adiabatic PESs correlating to Cl but with one quantum of vibration in the lowest bending mode of either CH 4 ͑ 4 ͒ or CD 3 H ͑ 3 ͒. 14 ͒, which may be a consequence of the steric bulk of the Cl atom preventing forward scattering for lower impact parameter collisions. The substitution of D atoms for H atoms in the methyl radical reagent makes little change either to the scattering dynamics for the electronically adiabatic channel or to the division of energy between product translational motion and the internal degrees of freedom of the methane product. The more satisfactory of our two analyses of the electronically nonadiabatic pathway to form Cl * atoms ͓case ͑b͔͒ resulted from the assumption that the faster subset of the bimodal speed distribution of methyl radicals dominated the reaction via this channel. We must thus examine why case ͑b͒ might be a plausible hypothesis. The faster CH 3 radicals not only give higher translational energies for the collisions with HCl molecules but are also more vibrationally excited than the slower CH 3 radicals. 29 For reasons discussed below, we argue that the nonadiabatic dynamics occur on the products' side of the transition state ͑TS͒ on the lowest potential energy surface ͑PES͒. If vibrational excitation of the methyl radicals is to be useful in promoting nonadiabatic reactivity and thus production of Cl * , the vibrational motion ͑which is mainly of the CH 3 umbrella bending mode͒ must be retained along the reaction coordinate, at least as far as the TS region. Prior work has clearly shown, however, that a vibrationally adiabatic picture of the reverse Cl+ CH 4 reaction does not hold for bending vibrations, 19 and we expect that the initial bending mode excitation of CH 3 is quenched in the entrance channel of the PES for its reaction with HCl. The symmetric stretch excitation of CH 3 might, in contrast, be preserved along the reaction pathway but it occurs for only 12% of the fast CH 3 radicals 40 and cannot explain the observed Cl * branching of 15%, as fast and slow CH 3 radicals are produced in a 1: 2.1 ratio. The more likely reason that fast CH 3 radicals might be more efficient than slower ones at promoting nonadiabatic reactivity is that interactions associated with nuclear velocities via the derivative coupling operators connecting adiabatic PESs are more significant when the collision energy increases. 41 There is, however, no reason on physical grounds for an abrupt change in behavior, with the slower CH 3 radicals ͓with a mean translational energy of 18.6 kcal mol −1 for collisions with HCl ͑Ref. 14͔͒ not leading to Cl * production, and the faster radicals, with a mean collision energy of 30 kcal mol −1 , accounting for all the nonadiabatic dynamics. This scenario is a weaker hypothesis than supposing that the probability of Cl * formation is nonzero for all collision energies in our experiment but significantly increases with CH 3 speed. For adiabatic formation of Cl, however, case ͑a͒, with essentially equal reactivities of faster and slower CH 3 radicals, provides a valid approximation and thus results in good fits: the two collision energy regimes are both far above the reaction barrier, resulting in little or no increase in reaction probability with increased KE. Although our case ͑b͒ is likely to be too constrained a hypothesis for nonadiabatic reactivity, it appears to be superior to case ͑a͒, which does not adequately treat the speeds of the CH 3 radicals leading to Cl * formation. Figure 4 shows that the fractional TKER distribution for Cl * +CH 4 products derived from fits assuming equal reactivity for both CH 3 speed components peaks strongly at f t =1. This result most likely does not reflect any dynamical propensity but, instead, a bias in the fit of the faster laboratoryframe Cl * speeds caused by the underestimation of the KE and the c.m. speed of the reagents whose collisions lead to Cl * formation. The f t distribution derived for case ͑b͒ is thus considered to be a more reliable estimate and is very similar to the f t distribution for the Cl channel shown in Fig. 2 . Unfortunately, further deductions about the CH 3 speeddependent probability of nonadiabatic reaction are beyond the scope of the data analysis methods used.
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The DCS for Cl * formation is predominantly forward scattered ͑relative to HCl͒ with a non-negligible backward component. The distribution derived by assuming reaction restricted to the faster subset of CH 3 radicals is similar to that obtained for the Cl-producing ͑electronically adiabatic͒ channel. The previously reported 14 shift in the measured laboratory-frame speed distribution for Cl * is thus not a result of greater forward scatter in the c.m. frame but is, instead, simply a consequence of the higher average KE and c.m. speed for collisions forming the SO excited product ͑as discussed above͒, giving a greater product KE than for the Cl pathway. The TKER for CH 4 +Cl * reaction products is ϳ4700 cm −1 independent of initial approximations made concerning the collision energetics of the system. The average internal excitation of the methane coproducts, which was deduced from the image fitting, however, increases from case ͑a͒ to case ͑b͒ analysis ͑see Fig. 4͒ and remains somewhat uncertain-although we argued above that we judge case ͑b͒ to be a more reasonable approximation. If we consider the average value for the two cases, a CH 4 internal excitation of ϳ5100 cm −1 is obtained. The near-equal partitioning of energy between coproduct internal excitation and TKER is as is observed for the adiabatic pathway. The same scattering mechanism thus appears to dominate for both pathways, which is in agreement with our previous conclusion that the two competing channels, leading to Cl and Cl * , respectively, proceed through the same TS on the ground-state PES.
14 Both fast and slower CH 3 radicals react, with essentially equivalent probability, with HCl over a wide range of impact parameters to produce mostly forward scattered Cl and CH 4 . In the exit channel of the ground-state PES, some of the Cl atoms undergo nonadiabatic transitions to the first excited PES to asymptotically produce Cl * +CH 4 . This transition probability is higher for faster nuclear motion on the groundstate PES. A similar role for collision energy in promoting nonadiabatic dynamics was previously quantified in the analogous H + HCl→ H 2 + Cl reaction by measurement of Cl * branching fractions.
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B. Branching fractions
Despite the lower average collision energy regime, the CD 3 + HCl reaction produces more Cl * than the CH 3 +HCl reaction, which is a result in apparent conflict with arguments presented in the preceding section for the collision energy dependence of nonadiabatic transition probabilities. In both reactions, a H atom is transferred, and the reduced masses for the two systems are almost identical, so simple mass effects cannot account for the observations. One, perhaps important, difference between the two reactions is the photoinitiation process, which results in an increase in vibrational excitation in the case of CD 3 compared to CH 3 . As we argued before, however, it is likely that this ͑low-frequency͒ bending mode excitation is quenched in the entrance channel well before any nonadiabatic interactions come into play. Another difference that may be significant concerns the frequencies of the bending modes of the methane product for CH 4 4 reaction showed that the umbrella bending mode ͑ 4 ͒ was strongly coupled to the reaction coordinate via a curvature coupling term, and the 2 and 4 bending modes were coupled together via Coriolis-type coupling terms. 43 Thus, excitation of either bending mode of methane has an impact upon reactivity, 44 which is in agreement with the experimental findings. 16, 24 By microscopic reversibility, we should expect that the reverse CH 3 + HCl reaction can lead to the excitation of the 4 mode of CH 4 via coupling to the reaction coordinate and the 2 mode via Coriolis-type couplings between the two low-frequency bending modes. Analogously, the CD 3 H product of the CD 3 + HCl reaction should experience some excitation of 3 , 5 , and 6 .
Qualitatively, the coupling between the reaction coordinate and the 4 ͑CH 4 ͒ or 3 ͑CD 3 H͒ umbrella bending mode of methane can be visualized by the change in geometry from the TS to the CH 4 ͑CD 3 H͒ product. The geometry of the TS is closer to the geometry of the CH 3 ͑CD 3 ͒ +HCl reactants than that of the Cl+ CH 4 ͑CD 3 H͒ products because the reaction of Cl+ CH 4 → HCl+ CH 3 is known to have a late barrier. Thus, the geometry change from the TS, in which the Є H Ј CH or Є H Ј CD angle ͑with HЈ denoting the transferred atom͒ is smaller than that in the isolated methane isotopolog, induces an umbrella motion of the methane coproduct in the exit valley of the reaction. The difference in frequencies for this bending mode should result in a more favorable ͑nearer to resonant͒ vibrational to electronic ͑V → E͒ energy transfer for CD 3 H than CH 4 in the exit part of the PES where the separation between the electronically adiabatic surfaces correlating to Cl and Cl * becomes similar to the SO splitting of the Cl͑ 2 P͒ atom ͑882 cm −1 ͒. These various energies are compared in the inset diagrams in Fig. 5 . We therefore suggest that the umbrella bending mode of methane is an important coupling mode to promote nonadiabatic transitions to the excited PES correlating to Cl * . This explanation is in accord with measurements by Matsumi et al. 28 that showed a 3.7-fold faster Cl * → Cl quenching rate when using CH 2 D 2 as a collision partner than when using CH 4 . With nondegenerate umbrella bending mode frequencies of 1033 and 1090 cm −1 , the Cl * +CH 2 D 2 collisional system is closer to a resonant E → V energy transfer process than Cl * +CH 4 .
V. CONCLUSIONS
The dynamics of the electronically adiabatic and nonadiabatic pathways for reaction ͑1͒ of CH 3 radicals with HCl have been studied by velocity map imaging of the respective Cl and Cl * products. The outcomes of distributions of the c.m.-frame scattering angle, P͑cos ͒, and the fractional kinetic energy release, P͑f t ͒, which were obtained by using a Legendre moment analysis of the images, were compared with results obtained for reaction ͑2͒ of CD 3 + HCl. The P͑cos ͒ and P͑f t ͒ distributions are very similar in all three cases, indicating essentially the same scattering dynamics at the high collision energies of the experiments, which are well in excess of the low barriers to reaction. The nonadiabatic transitions to the PES correlating to SO excited Cl * atoms are thus interpreted to occur on the products' side of the TS on the lowest lying PES and to be favored by higher collision energies. The products of reaction are mostly forward scattered in the c.m. frame, indicating stripping of a H atom from HCl by a methyl radical to form methane at large impact parameters. The Legendre moment analysis reveals a small but significant fraction of backward scattered products that is indicative of rebound dynamics, most likely originating from smaller impact parameter collisions that are blocked from forward scattering by the bulk of the Cl atom. The electronically nonadiabatic branching to form Cl * is greater for the CD 3 + HCl reaction ͓20͑Ϯ3͒ % ͔ than for the CH 3 + HCl reaction ͓14͑Ϯ2͒ % ͔ despite the former occurring at lower mean collision energies under the experimental conditions employed. We suggest that the nonadiabatic coupling is enhanced by the low-frequency bending modes of the CD 3 H on the products' side of the reaction PES. The 3 umbrella bending mode of CD 3 H is nearly resonant in energy with the SO splitting of the Cl͑ 2 P J ͒ atoms, and vibrational excitation of CD 3 H that may result from coupling of this vibrational mode with the reaction coordinate after an early barrier could thus facilitate electronically nonadiabatic transitions. The equivalent vibrational modes of CH 4 are higher in frequency and thus have greater energy mismatches with the Cl atom SO splitting.
